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Abstract 
The cytochrome c and ubiquinol oxidases discussed in this article are membrane-bound redox-driven proton pumps which 
couple an electron current o a proton current across the membrane. This coupling requires a control of the thermodynamics 
and/or rates of internal electron- and proton-transfer reactions (termed 'gating'). Therefore, to understand the structure- 
function relation of these proton pumps, individual electron- and proton-transfer reactions must be investigated. We have 
undertaken such studies by using a combination of site-directed mutagenesis and spectroscopic techniques. The results show 
that proton uptake/release upon reduction/oxidation f heme a 3 takes place on a ms-time scale through the K-pathway 
(including Thr(I-359) and Lys(I-362)), but not through the D-pathway (including Asp(I-132) and Glu(I-286)). During 
reaction of the reduced enzyme with O 2, both substrate and pumped protons are taken up through the D-pathway (but not 
through the K-pathway) in a biphasic process with time constants of 100 p,s and 1 ms. Thus, the original assignment of the 
role of the D-pathway (used only for pumped protons) must be revised. Dynamic studies of proton uptake to the enzyme 
surface show that on the proton-input side, the surface carries a proton-collecting antenna made of carboxylate and histidine 
residues which enable the enzyme to pick up protons with a rate compatible to the enzyme turnover ate. These results are 
consistent with the three-dimensional cytochrome c oxidase structure which shows that the entry point to the D-pathway 
(but not to the K-pathway) is surrounded by a network of histidine residues within a negative electrostatic potential. 
© 1998 Elsevier Science B.V. 
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Abbreviations and definitions: pK, is used for pK. Amino acid 
and mutant enzyme nomenclature: E(I-286) denotes glutamate- 
286 of subunit I; EQ(I-286) denotes a replacement of glutamate- 
286 of subunit I by glutamine; D- and K-pathways, proposed 
proton=transfer pathways through D(I-132)/E(I-286) and K(I- 
362)/T(I-359), respectively. COX, cytochrome c oxidase; H i 
+ 
and Hp, substrate and pumped protons, respectively. If not 
otherwise indicated, amino acid residues are numbered according 
to the R. sphaeroides sequence. 
I. Introduction 
Terminal heme-copper  oxidases are membrane- 
bound protein complexes which catalyze reduction of 
dioxygen to water (for reviews see Refs. [1,2]). They 
have in common a heme-copper  binuclear center 
which, when reduced, binds dioxygen. Four electrons 
are transferred successively to 0 2 while picking up 
four protons to form HzO (defined as 'substrate 
protons').  Many terminal oxidases conserve part of 
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the free energy released in this reaction by additional 
pumping of protons across the membrane. Two of 
these proton-pumping oxidases are cytochrome c 
oxidase from R. sphaeroides and the ubiquinol 
oxidase from E. coli. The R. sphaeroides enzyme 
consists of three membrane-spanning protein subunits 
which bind two heme groups and two copper centers. 
One of the copper ions, copper A (CUA) is bound to 
subunit II, whereas the other three metal centers 
(heine a, heine a 3 and copper B (C%)), are all bound 
to subunit I. During turnover, electrons from cyto- 
chrome c are transferred first to Cu A and then 
consecutively to heme a, the intermediate lectron 
acceptor, and the binuclear center heme a3/Cu B, 
where dioxygen is bound and reduced to water. The 
E. coli enzyme uses ubiquinol as an electron donor 
and does not have the Cu A center. The structure and 
function of subunit I of cytochrome c oxidase, except 
that the hemes are different; hemes b and o 3 are 
found instead of hemes a and a 3, respectively. 
The crystal structures of cytochrome c oxidase 
from Paracoccus denitrificans [3,4] and bovine heart 
[5,6] have been determined to atomic resolution. 
They show that the overall structures of subunits 
I-II1 and of the metal centers of the two oxidases are 
very similar. The three-dimensional structures of 
cytochrome c oxidase from R. sphaeroides and 
ubiquinol oxidase from E. coli are generally assumed 
to be very similar to those of the P. denitrificans and 
bovine enzymes [7,8] and, consequently, the known 
structures are used as models of the R. sphaeroides 
and E. coli enzymes. 
The binuclear center is found in the membrane- 
spanning part of the enzymes, removed from the bulk 
solution on the proton-input side by -30 •. Since the 
Oz-reduction chemistry takes place at this center, the 
protein must provide a pathway for transfer of the 
substrate protons. In addition, it must provide a 
pathway for the pumped protons through the protein 
(which may be the same as that for the substrate 
protons). On the basis of site-directed mutagenesis of 
cytochrome c oxidase two proton-input pathways in 
subunit I were proposed [8-10]. One of these path- 
ways includes Asp-132 (D(I-132)) and Glu-286 (E(I- 
286)), denoted D-pathway, and the other Thr-359 
(T(I-359)) and Lys-362 (K(1-362)), denoted K-path- 
way. 
In this paper we summarize results from studies 
aimed at determining the roles of these proton 
pathways in proton transfer during catalytic turnover, 
identifying protonatable groups involved in proton 
pumping and mechanisms of regulation of electron- 
and proton-transfer reactions. In addition, the proton- 
collecting properties of the protein surface on the 
proton-input side have been investigated ([11], see 
also Sacks et al., this issue, pp. 232-240). 
2. Reactions in the absence of O z 
To identify specific protonatable groups involved 
in proton transfer directly coupled to electron trans- 
fer, we have found it valuable to investigate these 
reactions in the absence of 0 2 to avoid interference 
from transitions between oxygen intermediates at the 
binuclear center. 
2.1. Internal electron transfer 
Internal electron transfer between the hemes, in the 
absence of 0 2 , has been investigated after flash 
photolysis of CO from the partly reduced enzyme 
[12]. In the two-electron-reduced (mixed valence) 
CO-complex of the enzyme, heme a and Cu A are 
oxidized, whereas the binuclear center is reduced, 
with CO bound to heme a 3. After flash photolysis of 
CO, the apparent redox potential of heme a 3 drops 
and the electron at heme a 3 equilibrates with heine a 
with a rate of 3×105 s -j, resulting in a -40% 
reduction of heme a (Fig. 1A). 
2.2. Electron transfer coupled to proton transfer 
In the mixed-valence CO-bound enzyme, CO 
stabilizes the reduced state of heme a 3 by about 102 
meV at 1 mM CO. Thus, the CO ligand also indirectly 
stabilizes the protonated state(s) of the protonatable 
group(s) interacting (electrostatically) with heine a 3. 
Consequently, upon flash photolysis of the CO com- 
plex, in addition to electron transfer from heme a 3 to 
heine a (see above), protons are released [13]. 
However, the rate of proton transfer is slower than 
that of electron transfer. Therefore, the rapid, frac- 
tional electron transfer from heme a 3 to heme a (see 
above) takes place in a transient state of the enzyme 
in which protons are bound to groups interacting with 
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Fig. 1. Absorbance changes after dissociation of CO from the mixed-valence enzyme. (A) The rapid increase in absorbance att=0 is associated with CO 
dissociation. The following decrease in absorbance with k ~ 3 × 105 s- ~ is associated with fractional electron transfer f om heme a~ to heme a (see left panel 
in D). The slower decrease in absorbance (k~50 s -t) is associated with CO recombination. (B) Absorbance changes associated with further electron 
transfer from heme a 3 to heme a, coupled to proton release (C) (k~3× 102 s -1) through the K-pathway (see D). Note that the pH was not the same in B 
and C, which is the reason why the rates are not exactly the same. Qualitatively the same results were obtained with the DN(I-132) (Smirnova nd 
Adelroth, unpublished data) as with the EQ(I-286) enzyme, and with the TA(I-359) as with the KM(I-362) enzyme. For conditions and other details ee 
Refs. [13,29,31]. 
heme a 3. It is followed by additional electron transfer 
from heme a 3 to heme a, on a millisecond time scale 
(800 s -~ at pH 8.0) (Fig. IB) [12-14], coupled to 
proton release to the medium [13] (Fig. 1C). 
2.3. Protonatable groups interacting directly with 
the binuclear center 
The proton-coupled electron transfer from heme a 3 
to heine a after dissociation of CO in the mixed- 
valence enzyme was modeled in terms of electrostatic 
interactions between a protonatable group, L, and 
heme a 3 [13]. Assuming that only one group is 
involved, in the R. sphaeroides enzyme the inter- 
action energy was estimated to be -70 meV and the 
group was found to change its pK from 10.3 to 9.1 
upon oxidation of heme a 3 (Fig. 2A). On the basis of 
the pH-dependence of the electron-transfer rate, we 
proposed that L is in contact with the bulk solution 
through a proton-transfer pathway [12,13,15]. Conse- 
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Fig. 2. (A) A model showing (electrostatic) interactions between heme a 3 and a protonatable group L (cf. Fig. IB-D). The pK values of L with reduced 
(a 3 ) and oxidized (a3) heme a 3 are pKa3 and pK~3, respectively. K indicates that H + (OH)  are transferred through the K-pathway upon a change in the 
redox state of heine a~ in the absence of 02 (during turnover, before binding of 02). (B) Possible candidates for protonatable groups (L) interacting 
electrostatically with heine a 3 (marked with red text). All amino acid residues hown are found in subunit I. The positions of Glu(I-286), Lys(I-362) and 
His(I-419) are also indicated. Water molecules in the vicinity of the binuclear center have been predicted from calculations [17,18]. The figure was 
prepared using the programs Rasmol and CorelDraw. Amino acid residues are numbered according to the R. sphaeroides sequence. Coordinates are from 
the bovine heart enzyme structure ( [6]; file locc.PDB from the Brookhaven Protein Databank). Note that the connection through the K-pathway is 'open' 
only before initiation of 02 reduction (see text). 
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quently, the rate of proton transfer through the 
pathway indirectly determines the rate of electron 
transfer between the hemes [13,15,16]. 
On the basis of the model discussed above, the 
distance between L and heme a 3 was found to be in 
the range 5-10 A [13]. Protonatable groups within 
this distance range from heme a 3 are shown in Fig. 
2B: Y(I-288), T(I-352), the histidine ligands of Cu B 
and the propionate side chains of heme a 3, [13,16] or 
L may be a water molecule, which releases a proton 
upon oxidation of heme a 3 and binds to oxidized 
heme a 3 as a hydroxide ion. Water molecules in the 
vicinity of the binuclear center have been predicted 
from calculations [17,18]. 
2.4. Is the His-Tyr complex involved in electron/ 
proton transfer? 
The residue Y(I-288) is a particularly interesting 
candidate for a proton-donating group near the binu- 
clear center because it was recently suggested to be 
covalently cross-linked to H(I-284), which is a Cu B 
ligand (S. Yoshikawa, personal communication) (Y(I- 
244) and .H(I-240), respectively, in the bovine en- 
zyme sequence). A covalent link between the Tyr and 
His residues was also indicated in the structure of the 
two-subunit form of the P. denitrificans cytochrome c 
oxidase [4]. 
A His-Tyr complex is a unique structure and may 
hint at a specific role for the Y(I-288)-H(I-284) pair 
in electron and/or proton transfer. Babcock and 
colleagues have suggested that Y(I-288) may act as a 
hydrogen-atom donor during catalysis (G.T. Bab- 
cock, personal communication), similarly to the 
model suggested for photosystem II (PS II) [19]. A 
covalently modified tyrosine has also been found in 
galactose oxidase at the copper site, where it is linked 
to a Cys [20]. This feature was identified as the 
radical-forming site in the enzyme [21]. Recently, 
Whittaker and colleagues also identified a similar 
free-radical-coupled copper complex in glyoxal oxi- 
dase from P. chrysosporium, where most likely Tyr 
forms a complex with a Cys [22]. The redox po- 
tentials (E1/2) for radical formation (of the Tyr-Cys 
complex) in galactose oxidase and glyoxal oxidase 
are 0.40 V (at pH 7.3) [23] and 0.64 V (at pH 7.0) 
[22], respectively, i.e. lower than that of Tyr z in PS II 
(-1 V). Thus, also crosslinking of Tyr with His 
(CUB) may bring the redox potential of Tyr into a 
region where it can be used as an electron donor 
during 0 2 reduction. In addition, the link of Y(I-288) 
to Cu B via H(I-284), may lower the pK of Y(I-288) 
and provide a possibility to couple changes in the 
redox state of Cu B to changes in the redox potential 
and protonation state of Y(I-288) (see also model 
outlined by Rottenberg [40]). 
3. Reaction of the fully reduced enzyme with 0 2 
3.1. Electron and proton transfer 
Absorbance changes at 605 nm, associated with 
reaction of the fully reduced enzyme with 0 2 are 
shown in Fig. 3A (Adelroth et al., unpublished ata). 
The fully reduced enzyme with CO bound at heme a 3 
is mixed with an O2-saturated solution. About 100 
ms after mixing, CO is flashed off using a short laser 
flash, which results in binding of 0 2 to reduced heme 
a 3 with a rate constant of -105 s ~. It is followed by 
oxidation of hemes a and a 3 in the major population 
of the enzyme, forming the peroxy intermediate (P) 
with a rate constant of 2×104 s -~. Then Cu B is 
oxidized, a proton is picked up from the medium and 
the ferryl intermediate (F) is formed at the binuclear 
center with a rate constant of 8× 103 s-~ (at pH 7.4). 
At the same time the remaining electron at Cu A 
equilibrates with heme a. Finally, the fourth electron 
is transferred to the binuclear center and a proton is 
picked up from the medium with a rate constant of 
8×102 s 1 (at pH 7.4), forming the fully oxidized 
enzyme. Note that only about two of the four protons 
needed to reduce O 2 to water are picked up from the 
medium upon oxidation of the fully reduced enzyme 
(Fig. 3B) because about two protons are picked up 
upon reduction of the oxidized enzyme ([24], Fig. 
3C). 
4. Electron and proton transfer in site-specific 
mutants of oxidases: the role of the proton- 
transfer pathways 
To investigate the involvement of the two proton 
pathways in proton transfer, the experiments de- 
scribed above were performed with site-specific 
mutants of the enzyme in which residues in the D- 
64 M. Karpefors et al. / Biochimica et Biophysica Acta 1365 (1998) 159-169 
, . . . . , . . . .  
tt-) 
O 
< -0.01 
-0.02 
0.00 
i l l l l l l  
0.0 0.5 
A 
EQ(I-286) 
I i I i I i I 
1.0 2 4 6 8 
time (ms) 
0.03 
0.02 
o 
< 
<1 0.01 
0.00 
H + uptake B 
WT 
EQ(I-286) 
I I I I 
0 l 2 3 4 5 
time (ms) 
\~  ;-'~,- .; '.; o-, o_ , /  
M. Karpefors et al. / Biochimica et Biophysica Acta 1365 (1998) 159-169 165 
hen 
,¢ 
,u2~- _ 
Pl 359 
~'~s362 
Asp132 IT/OH" transfer upon 
reduction of COX 
IT transfer during 
oxidation of COX 
(pumped and substrate protons) 
not used during 
reduction of COX 
not used during 
oxidation of COX 
(-2I"13 
(-6n3 
Fig. 4. Schematic view of the D (D(I-132)/E(I-286)) and K (K(1-362)/T(I-359)) proton-transfer pathways and a summary of their roles during enzyme 
turnover. Coordinates are from the bovine heart enzyme structure [6]. 
and K-pathways were modified. Mutation of these 
residues results in reduced overall enzymatic ac- 
tivities [10,25,26]. 
4.1. Electron and proton transfer in the absence of 
02 
The rapid 3× 10 5 s-~ electron transfer (not coupled 
to proton release) was not affected in any of the 
investigated mutant enzymes (EQ(I-286), TA(I-359), 
KM(I-362)), which shows that these mutations did 
not have any effect on the electron-transfer rates 
themselves nor on redox potentials of the heroes (Fig. 
1A). However, the slower electron transfer, coupled 
to proton transfer, was impaired in the TA(I-359) and 
KM(I-362) enzymes, whereas it was not affected in 
the EQ(I-286) enzyme (Fig. 1B). This indicates that 
the K-pathway, but not the D-pathway, is involved in 
Fig. 3. (A) Absorbance changes at 605 nm, associated with reaction of the fully reduced, solubilized enzyme with 02 after flash photolysis of CO at t =0. 
With the wild-type enzyme, four kinetic phases are observed as described in the text and summarized in the model in C (R---~A, A---)E P---~F, F--)O). (B) 
Absorbance changes of the pH dye phenol red associated with proton uptake during 02 reduction. (C) A simplified reaction scheme showing the reactions 
sequence of the fully reduced enzyme with 02. The involvement of the D- and K-pathways in proton uptake is indicated. The actual structures of the partly 
reduced oxygen intermediates may differ from those shown in the figure. For experimental details see Refs. [29,3l]. 
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proton uptake/release upon reduction/oxidation f 
the binuclear center in the absence of 02 (Fig. 1D, 
Fig. 3C, Fig. 4) [29,31]. 
4.2. Electron and proton transfer during O: 
reduction 
In the KM(I-362) mutant enzyme the reduction 
rate of heme a 3 is several orders of magnitude slower 
than in the wild-type enzyme [26-29], which is 
presumably due to impaired proton uptake upon 
reduction of the binuclear center. However, after the 
KM(I-362) and TA(I-359) mutant enzymes are re- 
duced, in the flow-flash experiment, they are oxidized 
(Fig. 3A) and pick up protons from the medium (Fig. 
3B) with about the same rates as the wild-type 
enzyme [16,29,30]. This indicates that the K-pathway 
is not involved in proton transfer during reduction of 
02. Mutation of D(I-132) (Smirnova and Adelroth, 
unpublished ata) and E(I-286) (in the D-pathway), 
on the other hand, resulted in impaired proton uptake 
(Fig. 3B), and in the EQ(I-286) enzyme the reaction 
stopped at the level of the peroxy intermediate (Fig. 
3A) ([16,31], cf. also Ref. [32]). The same results 
were also found earlier by Svensson Ek et al. in 
studies of the reaction of the fully reduced EQ(I-286) 
(with three electrons) cytochrome bo 3 with 0 2 ([33], 
see also Ref. [34]). 
4.3. The role of the proton-transfer pathways 
The results discussed above indicate that the K- 
pathway is used for uptake of -2 H + or release of -2 
OH (see below) upon reduction of the oxidized 
binuclear center. This pathway is not used during 
oxidation of the fully reduced enzyme (see Fig. 4). 
Thus, assuming that there are only two proton-input 
pathways, this means that at least two of the substrate 
protons are taken up through the D-pathway. Conse- 
quently, the D-pathway is used for uptake of both 
substrate and pumped protons (a maximum of 6, see 
discussion in Ref. [16]) during O 2 reduction, after 
formation of the peroxy intermediate. 
5. Electron-proton interactions: control of 
electron transfer by proton transfer during O z 
reduction 
During the third 'step' associated with reaction of 
the fully reduced enzyme with 0 2 , several events 
take place with about the same rate constant of 
8 × 103 s-l: the P---)F transition at the binuclear center 
(associated with oxidation of CUB), proton uptake 
from the medium and electron transfer from Cu A to 
heine a. The intrinsic electron-transfer ate 
CuA---~heme a is faster (-3X104 S r) [12] and 
therefore we suggested that this electron transfer is 
controlled by proton uptake associated with the P---~F 
transition [31,35,36]. The proton-electron i teraction 
was suggested to be of electrostatic nature [35]; upon 
proton transfer to the binuclear center during the 
P---~F transition the charge of the binuclear center 
increases by +1. Since heme a is much closer to the 
binuclear center than Cu A, the increase in positive 
charge may increase the apparent redox potential of 
heme a relative to that of Cu A, which 'opens the gate' 
for electron transfer from Cu A to heme a [31,35,36]. 
This scenario is also supported by results from 
studies of the EQ(I-286) mutant enzyme. They show 
that in this enzyme the reaction stops at P, and the 
electron transfer from Cu A to heme a is not observed 
even though independent experiments show that this 
electron transfer itself is not affected [31]. During 
enzyme turnover, the P--~F (and F---)O) transition is 
associated with proton pumping across the membrane 
[37]. As discussed by Babcock and co-workers 
[l,2,38], a tight electron-proton coupling of an 
electron-transfer-driven proton pump presumably re- 
quires a control of internal electron-transfer r actions 
by proton transfer. Thus, the control of the electron 
transfer from Cu A to heme a by proton uptake 
through E(I-286)(the D-pathway), associated with 
the P--->F transition, may assure that the electron is 
not transferred unless a pumped proton is taken up. 
6. The role of the protein surface in proton 
transfer 
Gutman and co-workers have shown that efficient 
transfer of protons from solution to the entry points 
of proton-transfer pathways involves a proton-collect- 
ing antenna, i.e. a matrix of surface-bound protonat- 
able groups which can efficiently 'collect' protons 
from solution and keep them bound for sufficiently 
long time to allow further transfer into the protein 
during turnover (e.g. Ref. [11]). 
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Fig. 5. Electrostatic potentials mapped onto the surfaces around the entry points of the D- and K-pathways in the bovine and R. ~phaeroides cytochrome c 
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surface. In the bovine enzyme the His residues are arranged in two triangles, one at the surface and one slightly below the surface, closer to D(I-132), 
which is located in a cleft. A similar arrangement is found in the R. sphaeroides model structure. Note that most of the His residues are found at subunit 
lII. Thus, this subunit may be important for efficient proton delivery to D(I-132). Please note that His(I-12) (bovine)/His(I-26) (R. sphaeroides) is 
conserved in oxidases from at least 53 different species, 
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To investigate the proton-collecting properties of 
the cytoplasmic surface (proton-input side) of the R. 
sphaeroides enzyme, it was labeled with fluorescein, 
covalently attached to Cys-223 of subunit III. The 
dynamics of proton equilibration between the protein 
surface and the bulk was measured following flash- 
induced discharge of protons from excited pyranine 
in the bulk solution ( [39], see also Ref. [11]). We 
found that proton uptake by the R. sphaeroides 
enzyme surface involves carboxylates and histidines 
constituting a proton-collecting antenna on the 
proton-input side of the enzyme; the protons are first 
bound rapidly by the carboxylates and then trans- 
ferred to the histidine residues, which keep them for a 
period of time compatible with the enzyme turnover 
rate. 
The technique outlined above was also used to 
investigate the protonation dynamics of the entry 
points to the D- and K-pathways, respectively, of 
ubiquinol oxidase from E. coli. The enzyme was 
labeled with fluorescein at C(I-135) 1 (DC(I-135) 
mutant enzyme) and at C(I-303) (AC(I-303) mutant 
enzyme), at the entry points of the D- and K-path- 
ways, respectively. Preliminary results show that 
position (I-135) is rapidly protonated, whereas proto- 
nation of (I-303) is a much slower process (see 
abstract by Aagaard et al., EBEC Short Reports 
(1998) 10). These results are consistent with the 
three-dimensional structure of cytochrome c oxidase. 
Fig. 5 shows the electrostatic potential, mapped on 
the surface of the three-dimensional structure of the 
bovine enzyme [6], and of a model of the R. 
sphaeroides enzyme, based on the bovine enzyme 
structure. The residue D(I-132) (D(I-91) in the 
bovine enzyme) constitutes a negative-potential en- 
vironment (c.f. 'proton collection' [11]), surrounded 
by a network of histidine residues that can supply 
bound protons to be transferred through the D-path- 
way (see also Fig. 6). In contrast, he structure around 
the entrance to the K-pathway appears not to provide 
an ideally optimized structure for proton collection. 
This may reflect the slower overall proton flux 
through the K- (-2 H+/turnover) than through the 
D-pathway (-6 H+ /turnover). Alternatively, the K- 
pathway may be used for transporting OH- out rather 
than H + in [40]. 
~Corresponds to D(I-132) in R. sphaeroides. 
7. Summary 
Our results show that the K-pathway, but not the 
D-pathway, is used for proton (or OH-, see below) 
uptake/release upon reduction/oxidation of heme a 3 
[16,29,31] (see Fig. 4). Thus, in the absence of 0 2 
(i.e. before binding of 0 2 to the reduced binuclear 
center during turnover), the K-pathway provides a 
H+/OH - transfer connection between the binuclear 
center and the bulk solution, whereas the connection 
through the D-pathway is blocked. However, during 
0 2 reduction, the K-pathway is not involved and the 
D-pathway is used for transfer of both pumped and 
substrate protons during the pumping steps (P-->F, 
F--->O) of the reaction cycle [31,32] (see Fig. 4). The 
use of the same pathway for both 'types' of protons 
provides a possibility to prevent substrate protons 
from being picked up before the pumped protons are 
bound to the pumping element. This mechanism 
requires blockage of the K-pathway after initiation of 
0 2 reduction (see Ref. [41]). One possible way to 
accomplish this is by optimizing the K-pathway for 
OH- transfer rather than for H + transfer [40]. 
Another possibility is that, after initiation of 0 2 
reduction, K(I-362) moves to a position in which the 
K-pathway is blocked, as indicated from molecular 
dynamics imulations [18]. Our results show that the 
enzyme can provide an alternating access of H+/ 
OH- during different phases of the reaction cycle; 
the D-pathway is closed and the K-pathway is open 
during reduction of the enzyme, whereas during 0 2 
reduction (oxidation of the enzyme), the K-pathway 
is closed and the D-pathway is open. In addition, the 
results demonstrate that during the pumping step 
P--->F, proton uptake through the D-pathway controls 
internal electron transfer, which is essential for 
maintaining a tight electron-proton coupling during 
proton pumping. 
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